Synthesis and structural study of the new Ba(Nb V 0.50M III 0.50)(PO4)2 (M III = Al, Cr, Fe, In) phosphates, abbreviated as [BaNbM], were reported here for the first time. Structures of [BaNbM] compounds, obtained by solid-state reaction in air atmosphere, were determined at room temperature from X-ray powder diffraction using the Rietveld method. The four studied compounds feature the yavapaiite-type structure, with space group C2/m ( 3 h 2 C , N°12) and Z = 2. Their framework can be described as consisting of dense slabs of Nb(M)O6 octahedra and PO4 tetrahedra interconnected via corner-sharing, alternating along the c-axis with layers of Ba cations in ten-fold coordination. Raman and Infrared spectroscopic study were used to obtain further structural information about the nature of bonding in selected compositions. Assignments of Nb-O, M-O and P-O Raman and Infrared bands, in [BaNbM] compounds, were based on those already known in the literature for niobium and phosphates oxides. Some empirical relationships, connecting Raman stretching frequencies to the obtained Nb-O and P-O distance values, were also used for assignments of various Raman bands.
Introduction
As a result of various cationic substitution in A sites of A III PO4 phases, a new family of oxides crystallising in several basic types as Monazite, Zircon (Xenotime), Scheelite, Cheralite, Nasicon and Yavapaiite compounds type have been synthesized and characterized [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Such materials can include a mixing of A II /M IV ions leading to the A II 0.5M IV 0.5PO4 formula which was often reported as A II M IV (PO4)2 form (A = Ca, Sr, Ba, Pb; M = Ti, Ge, Zr, Mo, Sn, Th, U, Np, Pu) [3] [4] [5] [6] [7] [8] . Practically all later compounds have been reported for their potential application as catalysts, ion exchangers, ionic conductors, immobilization of high-level nuclear waste materials and as luminescent materials 3, [9] [10] [11] . For smaller M IV ions, as in the BaM IV (PO4)2 (M IV = Ti, Ge, Zr, Mo, Sn, Hf) series, a monoclinic structure isotypic of the KFe(SO4)2 yavapaïte structure type (C2/m space group, Z=2) is obtained [3] [4] [5] [6] [7] [8] . Such structure-type can be described as made of layers of Ba II cations in tenfold coordination, alternating with dense slabs built up of corner-connected of M IV O6 octahedra and PO4 tetrahedra. Note that structure of A II M IV (PO4)2 phases is firmly dependent to the nature and/or size of the A II and M IV cations and many authors have attempted to establish a relationship between composition and crystal structure of some compounds 8 .
Recently coupled substitution of M IV cations by M' III /M'' V ones within Nasicon A II 0.5M IV 2(PO4) 3 and Yavapaiite A II M IV (PO4)2 type-phases were realized. Results of investigations led to synthesis and characterization of a series of A II 0.5Sb V Fe III (PO4)3 (A = Mg, Ca, Mn, Ni, Sr, Cd, Pb) Nasicon phases (P 3 or R 3 space group) and new synthetic A II (Sb V 0.5Fe III 0.5)(PO4)2 (A = Sr, Ba, Pb) Yavapaiite compounds [12] [13] [14] [15] [16] [17] .
Ba(Sb V 0.5Fe III 0.5)(PO4)2 features a true yavapaiite (TY) structure with space group C2/m (Z=2) isotypic to KFe(SO4)2 17 . Sr(Sb V 0.5Fe III 0.5)(PO4)2 and Pb(Sb V 0.5Fe III 0.5)(PO4)2 crystallize in the monoclinic system (space group C2/c, Z=4) with a distorted yavapaiite (DY) structure type 17 . Note that in all cases the [(Sb0.5Fe0.5)(PO4)2] 2yavapaiite framework appears well adapted to bigger Sr 2+ , Pb 2+ and Ba 2+ cations while for smaller alkaline earth metal cations like Ca 2+ , the [SbFe(PO4)3] -Nasicon framework seems to be the more stable 17 . So, in a continuation of our scientific search for new materials likely to exhibit interesting physical properties, synthesis and structural characterization of four new synthetic Ba(Nb V 0.5M III 0.5)(PO4)2 (M III = Al, Cr, Fe, In) compounds are undertaken. Raman and Infrared spectroscopic studies were realized in order to obtain further structural information about the nature of bonding in Ba(Nb0.5M0.5)(PO4)2 (M III = Al, Cr, Fe, In) compounds. The products of reactions were characterised by X-ray powder diffraction (XRPD) at room temperature with a Panalytical XPert-PRO (θ-2θ) diffractometer; (CuKα) radiation (45 kV, 40 mA). The data were collected over 8 h from 10 to 100° (2θ), in steps of 0.0167°. The Rietveld refinement of the structure was performed using the Fullprof program 18 . It was interesting to note that our attempt to synthesize "CaNb0.50M0.50(PO4)2" was not satisfactory, although identical synthesis conditions have been applied. Analysis of the obtained XRD spectra shows mainly the presence of a mixture of the already known Ca0.50NbM(PO4)3 (M III = Al, Fe, In) Nasicon phases 19 and other minority phosphate compounds.
Experimental

Syntheses
The infrared spectra were recorded in the form of KBr pellets in the wave number range 1500-400 cm −1 using a Bruker's VERTEX 70 spectrometer, and the Raman spectra are recorded on RENISHAW 1000B spectrometer in the wave number range 400-1500 cm −1 . All the spectra have been recorded at room temperature.
Results and Discussion
According to the literature data, the obtained peak positions and intensities of the XRPD patterns of Ba(Nb0.5M0.5)(PO4)2 (M III = Al, Cr, Fe, In) are close to those of Ba(Sb0.5Fe0.5)(PO4)2 (C2/m space group, Z = 2) 17 , therefore their XRPD patterns can be indexed, in a first approximation, on a similar monoclinic cell. So, initial starting parameters for the Rietveld refinement of Ba(Nb0.5M0.5)(PO4)2 (M III = Al, Cr, Fe, In) were based on those already reported for the true yavapaiite (TY) Ba(Sb0.5Fe0.5)(PO4)2 phase in the C2/m space group 17 . This refinement leads to acceptable reliability factors. Crystallographic data and reliability factors of the four [BaNbM] compounds are reported in Table 1 . Results of the Rietveld refinement and selected interatomic distances are summarised in Tables 2 and 3 respectively. A comparison of the experimental and calculated XRPD profile of [BaNbM] (M III = Al, Cr, Fe, In) materials is given in Figure 1 . 
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(should be) ) Structure of Ba(Nb0.5M0.5)(PO4)2 compounds consists of three types of polyhedra, BaO10, PO4 and Nb(M)O6 (Fig. 2 ). It can also be viewed as being composed of alternating edge-sharing BaO10 bicapped square antiprism and Nb(M)O6 octahedra forming chains parallel to the c-axis ( Fig. 2b ). There are five chains per unit cell ( Fig. 2a ). Each Nb(M)O6 octahedron is bound by its vertices to six PO4 tetrahedra and shares two of its edges (i.e., O(3)-O(3) one) to two BaO10 polyhedra (Fig. 2 ). The framework can be described as consisting of dense slabs of Nb(M)O6 octahedra and PO4 tetrahedra interconnected via corner-sharing, alternating along the c-axis with layers of Ba cations in ten-fold coordination (Fig. 3 ). The ten oxygen atoms of each BaO10 polyhedron belong to six phosphate PO4 groups ( It is worthy to note that among the six Ba-Ba closest distances, the four shortest have a value of about 4.96(1) Å while the two the longest ones have a value around 5.27(1) Å. In fact, within each BaO10 polyhedron, the Ba-O distances values can divide into two groups ( (Tables 2 and  4 Table 3 ). Note that the calculated Nb(M)-O* distances values, from Shannon tables, are slightly higher by 0.07Å compared to those experimentally obtained from the structural refinement (Table 3) . A quantitative measure of the magnitude of the octahedral distortion parameter (d) is reported in Table 3 . Analysis of the obtained d parameters shows that the octahedron Nb(Fe)O6 is the most distorted. <Nb(M)-O> distances for [BaNbM] (M= Al, Cr, Fe, In) are relatively comparable to those already observed for the <M-O> distances in the BaM(PO4)2 (M= Ti, Sb(Fe), Mo, Zr) yavapaiite series 3, 4, 17, 22 (Table 4 ). The gradual increase of a, b, c and V cells-parameters with the growing of M 3+ crystal radius in [BaNbM] could be directly related to the progressive increase of Nb(M)-O and Nb(M)-Nb(M) interatomic distances (Fig. 4) .
In order to have more structural information, the bond valence sum (BVS) based on bond strength analysis 23 for Ba(Nb0.5M0.5)(PO4)2 were also computed. As shown in Table 3 , the BVS values calculated for Ba, M, Nb and P sites are relatively consistent with the expected formal oxidation state of Ba 2+ , M 3+ , Nb 5+ and P 5+ ions. X-ray data, obtained from the ''observed intensities'' of the Rietveld refinement (CuK1: 1.5406 Å), of [BaNbM] compounds, were given in Tables 5 and 6 . (3) Ba-O=2.96 (1) 2×Zr-O1=2.052 (7) 4×Zr-O3=2.073(4) <Zr-O>=2.07 (1) Zr-O*=2.12 
Raman and IR spectroscopy
In order to characterize further the Ba(Nb0.5M0.5)(PO4)2 (M III = Al, Fe, In) series of compounds, we have recorded and analyzed their Raman and infrared spectra ( Fig. 5a and 5b) with their structural peculiarities. Given that the [BaNbM] yavapaiite structure can be described as consisting of dense slabs of Nb(M)O6 octahedra and PO4 tetrahedra interconnected via corner-sharing, alternating along the c-axis with layers of Ba cations in ten-fold coordination, such frameworks can be considered as formed by isolated PO4 groups and isolated Nb(M)O6 groups. Therefore, the vibrational spectrum is typical of orthophosphate. The crystal structure refinement shows that M 3+ ions (M = Al, Fe, In) are occupying the Nb equivalents 'sites. Hence the NbO6 octahedra will be probably disturbed by the presence of M 3+ ions in the equivalent site. It should be noticed that except the Fe 3+ (HS) crystal radius (rFe 3+ = 0.645 Å) in the octahedral environment, which is comparable to that of Nb 5+ (rNb 5+ = 0.64 Å) one, values of crystal radii size of the two other M 3+ cations (i.e., Al 3+ (rAl 3+ = 0.53 Å) and In 3+ (rIn 3+ = 0.80 Å)) show a notable difference with that of Nb 5+ 21 . Given that structural data shows different types of Nb/M-O bonds in [BaNbM] phases, there will be a higher probability of M 3+ ions disturbing Nb-O-P chain. This phenomenon will undoubtedly complicate assignments of different vibrations modes. Also, the coupling between PO4 and NbO6 modes as well as between NbO6 and MO6 vibrations in [BaNbM] should be expected. In all cases, assignments of the Raman and IR Nb-O, M-O and P-O bands were based on the already known niobium and phosphates oxide structures [24] [25] [26] [27] [28] . 3  91  64  4  28  100  65  7  81  11  51  15  33  13  6  40  6  8  4  2  2  16  13  9  14  2  10  1  9  17  7  5  14  8  16  8  13  13  2  6  4  3  9  5  11  9  13  13  5  13  10  12   1  90  65  3  25  99  65  5  80  11  50  15  34  12  5  38  6  7  3  3  2  16  12  9  14  2  11  1  9  13  7  5  13  8  15  7  14  13  2  6  4  3  9  6  11  8  10  14  5  12  10 3  100  80  6  34  76  30  7  97  12  64  15  39  11  4  47  4  7  4  6  24  13  7  16  13  13  22  8  16  6  8  17  11  16  16  2  8  2  5  13  15  5  9  10  17  8  16  1  12  13  18  2   2  98  78  5  32  74  30  5  98  12  62  17  41  10  3  48  4  7  3  5  24  12  7  16  13  12  20  8  14  6  7  16  12  16  14  2  8  2  4  12  14  4  8  8  16  8  14  1  12  13 16 2 3  97  70  9  32  61  69  5  100  14  62  10  30  11  4  46  3  3  2  3  22  7  5  14  7  7  19  7  10  4  5  11  6  8  9  2  6  3  3  6  11  8  9  8  9  3  8  13  13  7  3   3  95  73  7  29  61  66  5  99  13  61  13  27  10  3  44  2  4  2  3  19  5  5  13  7  7  16  6  10  4  5  11  6  9  9  2  5  2  2  5  9  7  8  7  8  3  7  11  11  8  3   001  110  200  -111  002 2  100  70  16  40  15  20  6  98  13  69  14  18  6  1  50  1  3  7  3  24  5  5  14  10  8  19  15  15  6  2  12  16  8  10  2  6  2  3  5  11  9  6  6  10  4  9  9  10  10  7   4  100  71  15  37  14  19  7  96  13  67  14  17  6  1  48  1  2  6  3  23  5  5  14  9  9  18  15  13  7  2  13  14  8  10  3  5  2  3  6  10  10  6  6  9  4  7  9 
Theory
As the Raman and IR spectra of Ba(Nb0.50M0.50)(PO4)2 ( Fig. 5 ) are essentially dominated by the internal vibrations of the PO4 groups, and in order to facilitate assignments of different vibrations modes; we have performed a factor group analysis by correlating the internal vibrations modes of PO4 groups between its point group (Td), symmetry of the free ion, its site-group (Cs) and its factor group (C2h) ( Table 7) . Analyses show that the four ν1(A1), ν2(E), ν3 (F2) and ν4 (F2) PO4 modes are Raman and IR active. As it will be shown later, band positions of the four PO4 modes observed in the [BaNbM] spectra are close to those expected for yavapaiite phosphate-type materials 24 .
In metal-oxide systems containing niobium, the binding forces within the metal-oxygen octahedra are higher than the crystal binding forces. External modes usually appear at lower frequencies than internal modes 25 . The free XO6 octahedra ion with Oh symmetry has six fundamental modes of vibration, viz, symmetric stretching mode ν1 (A1g), asymmetric stretching modes ν2 (Eg) and ν3 (F1u), asymmetric bending mode ν4 (F1u), symmetric bending mode ν5 (F2g) and the Raman and IR inactive mode ν6 (F2u). The factor group analysis for the internal vibrations 29 , correlating the point group of the 'free' ion (Oh) with its site-group (C2h) and its factor group (C2h) is given in Table 8 . The ν1, ν2 and ν5 modes are Raman active while ν3 and ν4 are IR active 30 . In most cases, the order of stretching frequencies is ν1 > ν3 >> ν2 whereas that of the bending one frequencies is ν4> ν5>> ν6 30 . Note that the Nb 5+ ion is too small to form regular octahedra in most of the oxide systems, and therefore it loses its Oh symmetry depending on the extent of distortion. Usually the distorted XO6 octahedra can have any of the five symmetries, viz D4h, D3d, C4v, C3v or C2v 25 but in the case of the Ba(Nb0.5M0.5)(PO4)2 (M = Al, Fe, In) compounds, the site symmetry of distorted XO6 is exactly C2h ( Table 7 ). 
Vibrations of PO4 3tetrahedral
Proposed assignments of IR and Raman bands corresponding to PO4 3groups are given in Table 9 . Thus, the symmetric non degenerate P-O stretching modes (ν1(P-O)) are observed in the Raman and IR spectra around 950 cm -1 while the three predicted modes corresponding to the antisymmetric and doubly degenerate PO stretching (ν3(P-O)) are attributed to the three Raman and IR bands observed in the vicinity of 990, 1020 and 1070 cm -1 . The two bands obtained around 420 and 450 cm -1 are attributed to the symmetric, triply degenerate O-P-O bending (ν2(OPO)) modes. As will be seen in the following, the ν2(OPO) bands are coupled with the ν4(Nb-O) stretching modes of NbO6 octahedra. Three predicted Raman and IR bands of antisymmetric and harmonic O-P-O bending (ν4(OPO)) are observed around 520, 600 and 660 cm -1 . The ν4(OPO) bands are also coupled with the only Raman active ν2(Nb-O) stretching bands of NbO6 octahedra (Table 9 ). It should be noticed that in [BaNbM], P-O distances vary between 1.515(1) and 1.558(1) Å with a mean P-O distance of 1.54 Å. Popovic et al. have formulated the following empirical relation [ν(P-O) (cm −1 ) = 224500 exp(-R/28.35)] which connects P-O bond lengths and stretching frequencies where R is the P-O bond lengths in Picometer (pm) 28 . By replacing P-O distance values in the above expression, the calculated frequencies values are respectively 1072 cm -1 , 982 cm -1 and 922 cm -1 . These last values are much well with those experimentally observed, between 930 and 1050 cm -1 in the Raman spectra of [BaNbM], for the two 1(P-O) and ν3(P-O) stretching modes of PO4 tetrahedra ( Table 9 ).
Vibrations of Nb(M)O6 octahedra
The 26 . It is important to emphasize that the presence of more than one predicted Raman bands (Table 9 ), could be explained by the fact that in the case where more than one type of XO6 octahedron are present, as it is in the [BaNbM] phases; multiple Raman bands due to ν(Nb-O) and ν(M-O) of Nb(M)O6 (M=Al, Fe, In) octahedra should be seen 25 . The band observed in the IR spectra at around 430 cm −1 and which is coupled with the bending ν2(OPO) modes could be attributed to the ν4(ONbO) bending modes. In the 420-460 cm -1 frequency range, strong coupling between different O-P-O, O-Nb-O and Nb-O-P bending vibrations have been observed. The other Raman bands observed at 350 cm -1 and 400 cm -1 could be assigned to the ν5(ONbO) and νM-O (M=Al, Fe, In) bands. Similar Raman bands, already observed at 364 and 370 cm -1 , were also attributed to Fe 3+ -O stretching modes in M0.5SbFe(PO4)3 (M = Mg, Ca, Ni, Sr, Pb) 12, 15, 16 and Li3Fe2(PO4)3 phases 34 . For [BaNbM] materials, the position of the ν6(ONbO) band should be predicted to be shown between 260 and 280 cm -1 within the region of the external mode. In low-frequency modes and more precisely for values below 270 cm -1 , the translational modes of Ba 2+ , M 3+ , Nb 5+ and PO4 3ions as well as vibrational modes of PO4 3ions MO6, and NbO6 groups should be expected. 
Conclusion
A series of new Ba(Nb V 0.5M III 0.5)(PO4)2 (M III = Al, Cr, Fe, In) double phosphate were prepared by solidstate reaction method and structurally characterized from X-ray powder diffraction using the Rietveld method and by Raman and infrared spectroscopy. The four [BaNbM] materials feature the yavapaiite-type structure, with space group C2/m. The [(Nb0.5M0.5)(PO4)2] 2yavapaiite framework appears well adapted to bigger Ba 2+ cations. In contrast to this, in the case of small alkaline earth metal cations, the Nasicon framework seems to be the more stable. By applying our experiment conditions, the use of large cations such as Sr 2+ or Pb 2+ shows an important competition between the corresponding yavaipaiite type-phase and other secondary phases. Observed Raman and IR bands are assigned in terms of vibrations of Nb(M)O6 octahedra and PO4 tetrahedra. Researches on potential application of [BaNbM] phases are in progress.
